Solid oxide fuel/electrolyzer cell (SOFC/SOEC) converts energy between chemical and electrical forms inversely. Yet electrolyte degradation takes place much more severe for SOEC than SOFC during long-term operations. By solving transport equations, we found very large oxygen potential gradients and sharp oxygen potential transitions at grain boundaries of polycrystalline SOFC/SOEC electrolyte. Surprisingly, an inversion of oxygen potential transitions was identified, suggesting a fundamentally different transport mechanism for minor electronic charge carriers. Such findings could be critical to understand and eliminate SOFC/SOEC degradations in practical applications.
I.

Introduction
Solid oxide electrochemical cell (SOC) [1] [2] [3] converts energy between fuel and electricity and has been considered as a key component of the future energy economy.
It is typically operated between 600 to 1000 o C, which enables flexible fuel selections and high efficiency. On the other hand, due to the high operation temperatures and slow heat-up cycles, continuous operation over thousands of hours is preferred, which places a strict requirement on its long-term stability. Therefore, understanding and eliminating the degradation are of great interests [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and we shall focus on the electrolyte part in this work, which has been argued to be the main cause of continuous impedance increase during cell operation 4 . The electrolyte of SOC is a dense ceramic layer that conducts oxygen ions, with yttria stabilized zirconia (YSZ) being the most popular one. While most efforts have been on taken to improve ionic conductivity and minimize ohmic loss across the electrolyte, it has been pointed out that the minor electron/hole conduction cannot be neglected as long as local equilibrium is considered so it is of equal practical importance [4] [5] [6] [7] [8] . Specifically, electron/hole conduction is a necessity to determine the chemical potential of molecular oxygen (oxygen potential in short hereafter) as well as its spatial distribution inside the electrolyte. The local oxygen potential would then define the thermodynamics and affect various material properties, including concentrations and conductivities of electrons and holes 14 , phase stability 15 , mechanical properties 16 , chemical expansion and stress 17, 18 , microstructural evolution previous treatments all assumed a homogeneous "effective medium" whose transport properties solely depend on local oxygen potential, analogous to a single-crystalline electrolyte in some sense. Yet, all electrolyte layers are polycrystalline, sintered from ceramic powders and it is well known that grain boundaries (or more strictly speaking, space charge layers extending several nanometers from grain boundary cores) are blocking to oxygen ions 24, 25 hence have distinct transport properties with respect to the grain interiors. Its effect on oxygen potential distribution inside the electrolyte is not known to any extend, which shall be the theme of the present study.
In practical applications, SOC can be operated reversibly, either as a solid oxide fuel cell (SOFC) utilizing chemical fuels for power generation or as a solid oxide electrolyzer cell (SOEC) using electricity to produce fuels. Faster degradation rate has been identified for SOEC than SOFC, leading to observable pore/oxygen bubble generations and line-ups along grain boundaries inside the electrolyte 4,9-11 . The cause has been attributed to larger operational current densities and higher oxygen partial pressures on the anode side of SOEC. However, it cannot be the whole story because the above reasons fail to explain (i) why reversible operations between SOFC and SOEC modes hugely eliminate degradation 4 and (ii) why pores/bubbles preferentially form at the grain boundaries perpendicular to the electric field direction 4,9-11 (oxygen over-pressure equilibrated with the local oxygen potential would indicate isotropic pore/bubble formation at any grain boundaries, irrelevant to the field direction).
Strikingly, Graves et al. 4 (21), which can be determined by matching the boundary
where L is the thickness of the electrolyte. Finally, the oxygen potential distribution can be obtained by integrating 
And the oxygen potential distribution can be obtained from
While the above two methods are mathematically equivalent, the second one turns out to be numerically much simpler for solving the considered polycrystalline problem (a multilayer problem) and will be used to obtain numerical results in Section III.
III. Results
Numerical results were obtained to illustrate the effect of grain boundaries for two because no information about grain-boundary electronic conductivity is available. The conductivity data are plotted in Fig. 1 . The calculated oxygen potential distributions and gradients for Case (1) and (2) are shown in Fig. 2 and 3 , respectively. Several feature should be noticed. First, all the curves in Fig. 2a and 3a have a sigmoid shape, with the largest oxygen potential gradient at the oxygen potential corresponding to electronic conductivity minimum ( eh  + ) in Fig. 1 . Under the same magnitude of current density, the oxygen potential distribution is steeper under SOEC mode than under SOFC mode (by comparing red and blue curves in Fig. 2 and 3) , and steeper for a thinner electrolyte than a thicker one (by comparing Fig. 2 and 3) . These have been recognized and are consistent with previous theoretical studies 7, 8, 22, 23 . Second, although grain boundaries are 100 times more O 2− blocking than bulk, the oxygen potential distributions inside polycrystals do not differ much from the corresponding references inside single crystals. This is understandable since grain boundary is much thinner than grain size (10 nm vs. 2.5 μm in the present cases) and constitutes only small portion of the total thickness. Third, the existence of grain boundaries slightly sharpens the oxygen potential distribution under SOEC mode and slightly smoothens it under SOFC mode. Fourth, there are an oxygen potential transition at each grain boundary, with a large oxygen potential gradient. For case (1) in Fig. 1 , the oxygen potential gradients at grain boundaries are about 10 times smaller than the largest one at electronic conductivity minimum in the bulk; for case (2) in Fig. 2 , the ones at grain boundaries are much larger than the largest one in the bulk.
Lastly, and most interestingly, the oxygen potential transitions at grain boundaries are inverse and the gradients have opposite signs under SOFC vs. SOEC modes. 
IV. Discussions
Obviously, the oxygen potential transitions at grain boundaries come from the different transport properties of the grain boundary with the bulk. To maintain constant ionic and electronic current densities across the electrolyte, a larger electrostatic potential gradient is spent at the more O 2− blocking grain boundaries and a Back to the polycrystal problem, under both SOFC and SOEC modes, we have positive oxygen potential gradient in the bulk ( Fig. 2 and 3) . As discussed earlier, Lastly, one should note the present study is based on continuum level. In reality, grain boundaries and space charge layers are only a few nanometers thick, and charge neutrality does not hold either. The influence of atomic discretization would be interesting yet difficult to consider. We also assume all grain boundaries have the same transport properties, in the same way AC impedance measurement does. However, grain boundaries with distinct misorientations and structures could behave distinctly, which may lead to degradation preferentially at some special grain boundaries, for example a more O 2− blocking one. These complexities could smear the phenomena, but we believe the general trend still holds.
V. Conclusions
(1) By solving transport equations in polycrystalline electrolyte, we identified a sharp oxygen potential transition at grain boundaries and their directions are inverse when operated under SOFC and SOEC modes. 
